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MEASUREMENT OF EXHAUST EMISSIONS FROM TWO J-58 
ENGINES AT SIMULATED SUPERSONIC 
CRUISE FLIGHT CONDITIONS 

James D. Holdeman^ 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

Emissions of total oxides of nitrogen, unburned hydrocarbons, carbon 
monoxide, and carbon dioxide from two J-58 afterburning turbojet engines 
at simulated high-altitude flight conditions are reported. Test con- 
ditions Included flight speeds from Mach 2 to 3 at altitudes from 16 to 
23 km. For each flight conditions, exhaust measurements were made for 
four or five power levels from maximum power without afterburning through 
maximum afterburning. The data show that exhaust emissions vary with 
flight speed, altitude, power level, and radial position across the 
exhaust. Oxides of nitrogen (NO^) emissions decreased with increasing 
altitude, and increased with increasing flight speed. NO^ emission indices 
with afterburning were less than half the value without afterburning. 

Carbon monoxide and hydrocarbon emissions increased with increasing al- 
titude, and decreased with increasing flight speed. Emissions of these 
species were substantially higher with afterburning than without. 

INTRODUCTION 

Testing of two J-58 afterburning turbojet engines was conducted in 
an altitude facility to determine their emissions of oxides of nitrogen. 
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unburned hydrocarbons, carbon monoxide, and carbon dioxide at simulated 
supersonic, high-altitude flight conditions. 

Emission measurements from aircraft turbine engines, and in particular 

afterburning engines at high-altitude supersonic flight conditions, are 

relevant to answering questions about the potential environmental impact 

of supersonic transports (SST’s). Previous studies dealing with aircraft 
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jet engine emissions at altitude conditions are reported in [1 to 6] . In 
these, various engines and flight conditions have been examined. The J-93 
tests, [5], conducted at the Arnold Engineering and Development Center 
(AEDC) as part of the Climatic Impact Assessment Program, are the most 
closely related to the present investigation in terms of the size of the 
engine tested and flight conditions examined. 

The purpose of the present investigation was to provide an emissions 
calibration for the J-58 engines for subsequent use in the NASA Stratospheric 
Jet Wake Experiment, (discussed in [7]). In this program, in-flight 
sampling of exhaust constituents will be made in the wake of a YF-12 
aircraft, powered by two J-58 engines, during supersonic, stratospheric 
flight. The emissions calibration tests will provide the Initial conditions 
for assessing the dispersion and dilution of exhaust products in the 
stratosphere and for evaluating jet/wake dispersion models such as that 
given in [8]. In addition, these tests will add to the general knowledge 
about emissions from afterburning turbojet engines at high altitude conditions. 
Although emission levels for the J-58 engine may not necessarily be 
representative of emissions from engines designed for present or future 
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commercial supersonic aircraft , the trends should be similar. 

The present investigation was conducted in the Propulsion Systems 
Laboratory at the NASA-Lewis Research Center. Some of the data from 
the first engine tested (herein designated as engine A), at Mach 2.0, 2.4, 
and 2.8 at 19.8 km, have been reported previously, [9 and 10]. Test 
conditions, for the second engine (engine B) were Mach 2.0 at 16.0, 17.9, 
and 19.8 km; Mach 2.4 at 19.8 km; Mach 2.8 at 19.8, 22.0, and 23.5 km; 
and Mach 3.0 at 19.8 km. At each flight condition, data traverses across 
the horizontal diameter of the exhaust were made for four or five engine 
power levels from maximum power without afterburning through maximum 
afterburning. Results from tests on both engines are reported here. The 
engine A results are included both for completeness, and for comparison 
with the results of tests on engine B. 

APPARATUS 

The J-58 engine is an afterburning turbojet designed for operation 
at flight speeds in excess of Mach 2 at stratospheric altitudes. The two 
J-58 engines tested in this program will be installed in the NASA/USAF 
YF-12 aircraft for the flight tests in the NASA Stratospheric Jet Wake 
Experiment. 

The engines were tested in the Propulsion Systems Laboratory at the 
NASA-Lewis Research Center. This altitude chamber facility and associated 
air handling equipment provided conditioned inlet airflow, and appropriate 
exhaust pressure to accurately simulate the conditions at the engine inlet 
and exhaust corresponding to the selected supersonic flight conditions. All 
tests were run using JP-7 fuel, which was heated to 395K prior to entering 
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the engine to simulate the condition on board the aircraft during super- 
sonic flight. The atomic hydrogen-carbon ratio of this fuel is 2.0. 

Emission measurements were made 7 cm downstream of the engine primary 
exhaust nozzle using a single point, traversing, water-cooled gas sample 
probe. The probe and its traversing mechanism are shown mounted behind 
the engine in Figure la. The traversing mechanism had the capability 
to translate the probe +60 cm horizontally and +20 cm vertically from 
the engine centerline. 

The sensor area of the probe is shown in Figure lb. A total pressure 
sensor was mounted 2.5 cm above the sample probe, and three unshielded 
iridium/ iridium-rhodium thermocouples were mounted 2.5 and 5 cm below and 
5 cm above the gas sample probe. The gas sample sensor had an i.d. of 
0.717 cm. The probe tip extended 1.9 cm forward of the rake body. 

This section was water-cooled for a distance of 8 cm downstream from the 
tip, both for sample conditioning and probe integrity. Following this 
section, the sample line increased to 0.818 cm i-d. For afterburning con- 
ditions, a second water-cooled heat exchanger on the next 30 cm of line 
was used to provide additional quenching of the sample. Approximately 
10 meters of 0.95 cm stainless-steel line was used to transport the sample 
to the analyzers. In order to prevent condensation of water, and to 
minimize adsorption-desorption effects of hydrocarbon compounds, the 
line was heated with steam at 428 K. Four heated metal bellows pumps 

(two pumps in series in each of two parallel legs) were used to supply 
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sufficient gas sample pressure, 17 N/cm , to operate the analytical instru- 
ments. The gas sample line residence time was less than 2 seconds for 
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all teat conditions. 

The exhaust gas analysis system consists of four commercially avail- 
able instruments, along with associated peripheral equipment necessary 
for sample conditioning and instrument calibration. In addition to the 
visual readout at the console, electrical inputs are provided to the 
facility computer for on-line analysis and data evaluation. 

The hydrocarbon (HC) content of the exhaust gas was measured on a 
wet basis, using a Beckman Instruments Model 402 Hydrocarbon Analyzer. 

The instrument is of the flame ionization detector type. Both carbon 
monoxide (CO) and carbon dioxide (00^) were measured dry, using analyzers 
of the nondlspersive infrared (NDIR) type. These instruments were Beckman 
instruments Model 315B. The concentration of the oxides of nitrogen (N0 x ) 
was measured on a dry basis, using a Thermo Electron Corporation Model 10A 
Chemiluminescence Analyzer. This instrument includes a thermal converter 
to reduce nitrogen dioxide (IK^) to nitric oxide (NO). Data were obtained 
as total N0 x (NO + N0 2 ). 

TEST CONDITIONS AND PROCEDURE 

The flight conditions simulated in the tests conducted on the J-58 
engines are given in Table I. Test conditions 3, 4, 5 and 8 give variation 
of flight speed at an altitude of 19.8 km. This altitude would be a typical 
cruise altitude for advanced or second generation SST aircraft, and is 
the nominal altitude selected for the YF-12 flight experiments. For these 
conditions, combustor inlet temperature and pressure, and afterburner in- 
let pressure Increase with increasing flight speed. 
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Conditions 1, 2 and 3 give variation of altitude at a constant 
flight speed of Mach 2.0. For these conditions, the combustor Inlet 
temperature Is constant. Combustor Inlet pressure and afterburner pressure 
decrease with Increasing altitude. Conditions 5, 6 and 7 also give 
altitude variation at constant flight speed, In these cases for Mach 2.0. 

For each condition, the engine inlet air was conditioned to correspond 
in both temperature and pressure to the values at the engine face during 
flight. Also for each condition, tests were made at four or five engine 
power levels, including military power (maximum power without afterburning), 
minimum afterburning, maximum afterburning, and either one or two inter- 
mediate afterburning power levels. The altitude chamber pressure for 
each flight condition was selected to ensure that the flow was sonic at 

the engine primary exhaust nozzle. Note that the altitude chamber pressure 
* 

does not need to be equal to the ambient static pressure for the simulated 
altitude, since the internal performance of the engine is correctly sim- 
ulated for all external static pressures low enough to choke the nozzle. 

When installed on the aircraft, the engine exhaust passes through a secondary 
ejector nozzle, and leaves the tailpipe at supersonic velocity. 

All eight flight conditions shown in Table 1 were tested for engine B. 
Engine A was tested at conditions 3, 4, and 5 only. Emission traverses 
were made at the plane of the primary nozzle (actually, the probe was 
6.7 cm from the exit plane when the engine was cold with the nozzle wide 
open). Data were obtained at 5 cm (nominal) intervals across the horizontal 
exhaust diameter, resulting in approximately 20 data points per traverse. 
These small increments were necessary to document the steep gradients in 
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emissions and temperature found in afterburning operation. The interval 
was increased to nominally 7.5 cm for military power tests, since 
emissions and temperature gr-idients at this condition were much less 
than for afterburning conditions. The time required for each traverse 
varied from 30 to 45 minutes. Complete surveys, four or five power 
levels at each flight condition, required four to five hours of continuous 
engine operation. 

At the Mach 2.0 condition for engine A, limited data were obtained 
up to 20 cm abov<* and below the engine centerline on the vertical diameter. 
These data showed variations similar to chose on the horizontal diameter. 

All gas analysis instruments were checked for zero and span prior 
to each traverse. Because the console allows rapid selection of zero, 
span, or sample modes, these frequent checks could be made during power 
level changes while the engine was running. 

Concentrations which were measured on a dry basis (NO^, CO, and CO 2 ) 
are reported on a wet basis, correcting for water vapor, including both 
inlet air humidity and water vapor from combustion [11]. The NO^ data 
have been corrected to zero ambient humidity conditions by multiplying 
the measured (wet basis) concentrations by EXP (19H) , where H is the 
humidity of the engine inlet air expressed in g l^O/g dry air [12]. The 
magnitude of this correction varied from 5 to 15 percent. 

The local concentration data were mass weighted, and area integrated 
to obtain average concentrations. In this procedure, the exhaust was 
assumed to be sonic at the average total pressure, and the static pressure 
was calculated. The static pressure was assumed to be constant across 
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the exhaust. The exhaust nozzle radius, Rg, was calculated from the 
measured engine airflow, and average exhaust temperature and pressure. 

Average concentrations were obtained from the local measurements of total 
temperature, total pressure, and species concentration using a trapezoidal 
Integration. 

For each pow,*r level at each test condition, the measured concen- 
trations of CO, CO^, and HC were used to compute an emissions based 
fuel-air ratio using the relations given In reference 11. Although 
these calculated fuel-air ratios were within +15 percent of the metered 
fuel-air ratios (as specified in [11]), the gas sample fuel-air ratios 
were consistently slightly higher than the metered values for the engine B 
tests, and the gas sample fuel-air ratios were consistently slightly less 
than the metered values for the engine A tests. 

Emission indices, g pollutant/kg fuel, were calculated from the 
average concentration of each constituent, using both the gas sample and 
metered fuel air ratios. The ratio of these emission Indices Is approxi- 
mately Inversely proportional to the ratio of the gas sample fuel-air 
ratio to the metered fuel-air ratio. In this paper, emission indices 
based on the metered fuel-air ratios have been used for engine B tests, 
and emission Indices based on the gas sample fuel-air ratios have been 
used for engine A tests, so that the data presented represent an upper 
bound on the emission indices with respect to the uncertainty In the 
fuel-air ratio. 
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RESULTS AMD DISCUSSION 
Profile Data 

A typical aat of temperature and concentration profile data are 
shown in Figure 2. These data are for teat condition 4 (Mach 2.4/19.8 km), 
engine A. In Figure 2, the horizontal axis on the figures Is the radial 
distance from the engine centerline non-dimenaionallzed by the calculated 
nozzle exit radius, Rg, for each test. This rad.lus varies with flight 
condition and engine power level. 

The t >tal temperature distribution across the nozzle diameter for 
each power level is shown in Figure 2a. At military power (no after- 
burning), the temperature is quite uniform across the exhaust plane, but 
for afterburning power significant temperature gradients exist across the 
diameter. The data shown have been corrected for radiation errors. 

The local fuel-air ratios (f/a) calculated from the gas sample 
wasurements are shown in Figure 2b. The corresponding oxides of nitrogen 
concentration profiles are shown in Figure 2c. From Figures 2a, b, and c, 
it is evident that the distribution of temperature, local f/a, and N0 x 
concentration have the same shape. The similarity of the f/a and temper- 
ature profiles, and the increase in the average temperature with increasing 
power level is expected, since increasing the fuel-air ratio increases 
the temperature for all fuel-air ratios less than stoichiometric. Although 
the NO^ concentration profiles show a similar shape to the temperature 
and f/a profiles, the N0 x concentration increases only slightly with in- 
creasing power level in afterburning. For all afterburning conditions, 
the N0 x concentration at mid-radius (downstream of the afterburner flame 
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holderi) e wee greeter then at the eene radius at military power- However, 
the N0 x concentration on the engine centerline waa less in afterburning 
than ct military power. 

The carbon monoxide end unburned hydrocarbon concentration profiles 
are shown in Figures 2d, and 2e, respectively. For this flight condition, 
concentrai 'ns of CO and HC for minimum and Intermediate afterburning 
conditions are substantially higher in the center of the exhaust than at 
the mid to max radial locations. At maximum afterburning, hydrocarbon 
concentrations in the center have decreased substantially, although a 
center peak is still evident. Carbon monoxide also still shows a center 
peak, however, the striking feature of the CO data at maximum afterburning 
is the appearance of twin regions of high concentration downstream of 
the afterburner flame holders. Examination of the fuel-air ratio profiles 
in Figure 2b shows that the local fue*-air ratio is near stoichiometric 
at these locations, thus the high CO levels represent an approach to 
equilibrium CO rather than combustion inefficiency. The CO and HC 
emissions at military power are low (CO < 32 ppmv, HC ' 11 ppmC) and 
uniform across the exhaust. To avoid congestion on the figures, these 
ere not shown. 

Although the profile data shown in Figure 2 are typical, significant 

differences in distribution were observed for different engines, flight 

speeds, and altitudes. With respect to the NO^ concentration profiles, 

most conditions exhibit the character shown in Figure 2c. That is, the 

HO concentration downstream of the flame holders for afterburning con- 
x 

ditions is greater than at the same radius for military power, but that 
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near tha angina centerline, the NO^ concant ration in afterburning la 
laaa than at military power. Exceptions to thla pattern occurred tor 
afterburning conditions whenever the hydrocarbon concentration and tha 
carbon monoxide concentration In the center region were vary low. For 
thaea conditions* tha N0 x concentration was greater than at tha corres- 
ponding military power condition at all radii. 

In general* tha high carbon monoxide and hydrocarbona in tha center 
region decrease both in peak concentration and radial extent with in- 
creasing power level, decreasing altitude, or Increasing flight speed. 

The twin peaks in the CO distribution at maximum afterburning may be 
stronger or weaker than shown in Figure 2d* depending on the relation of 
the local fuel-air ratio to stoichiometric conditions. 

Integrated Average Balssions 

The effect of variations In flight speed and altitude on the average 
emission indices of NO^* CO* and HC are discussed in the following 
paragraphs, and shown in Figures 3-5 and 9-14. On these figures* fuel- 
air ratios less than 0.02 are at military power (no afterburning) whereas 
fuel-air ratios greater than 0.02 are for afterburning conditions. 

Oxides of nitrogen emissions . - The variation of the oxides of nitro- 
gen amission indices (g NO^/kg fuel) with altitude and fuel-air ratio 
at Mach 2.0 is shown in Figure 3. At each altitude* the emission indices 
at minimum afterburning are less than half the value at military power* 
since the N0 x concentration (ppmv) at minimum afterburning is very nearly 
equal to the concentration at military power, and the fuel-air ratio at 


12 


minimum Afterburning 1 a slightly more then double the velue At mllltsry 
power. NO concentretions lncreese in going from minimum to maximum 
Afterburning, but since the concentrstion lncreese is proportionately 
less than the Increase in fuel-sir ratio, the emission indices decrease 
slightly. (The solid curves shown here end on Figures 4 and 5 result 
from the N0 x correlation discussed in the next section). Comparison of 
the three altitude conditions shows that the N0 x emissions decrease with 
increasing altitude. This is expected, since the formation of the 
oxides of niogen during combustion is pressure dependent, and the 
combustor %nd afterburner pressures decrease with increasing altitude 
For all of these conditions, the combustor inlet temperature and after- 
burner inlet temperature are constant because engine inlet temperature 
and rotational speed are constant. 

The variation of the oxides of nitrogen emission indices with alti- 
tude and power level at Mach 2.8 are shown in Figure 4. The effect of 
fuel-air ratio and altitude are similar to the effects seen in Figure 3, 
except that the emission inc’ ea are higher, because the combustor inlet 
temperature is higher. 

The variation of the NO^ emissions with flight speed and power level 
at an altitude of 19.8 km is shewn in Figure 5. Since the oxides of 
nitrogen emissions are mainly dependent on the primary combustor conditions, 
and since increasing flight speed at constant culture causes both com- 
bustor temperature and pressure to rise, the N0 x emissions increase sub- 
stantially with increasing flight speed. Oxides of nitrogen emission 
indices for both engines are shown on Figure 5. The data show that the 
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average NO^ emissions are nearly equal for the two engines at the same 
flight conditions. Because the NO^ data in [10] (engine A) were not 
corrected to zero ambient humidity, values given in that reference are 
from S to 15 percent lower than the values shown here. 

For the range of flight conditions tested, the average concentration 
of the oxides of nitrogen at military power (no afterburning), varied 
from 80 to 170 ppmv, corresponding to emission indices from 8 to 21. The 
average concentrations of NO^ at minimum afterburning were approximately 
equal to the concentrations at military power, but increased by about 
50 percent from minimum to maximum afterburning. Since the fuel-air 
ratio in afterburning was from 2 tc 4 times that at military power, the 
N0 x emission indices for afterburning conditions were less than half the 
emission indices without afterburning. 

For any flight condition, the effect of afterburning on the NO^ 
emission rate (kg/hr) can be determined by examining the variation of 
the product of the NO^ El and the f/a with increasing afterburning fuel- 
air ratio, since engine airflow does not vary with power level. For 
low afterburning power levels, the NO^ emission rate is nearly equal to 
its l?', '.1 at military power (no afterburning) . The emission rate in- 
creases slightly with increasing power in afterburning, at maximum after- 
burning the N0 x emission rate is approximately 50 percent greater than 
the value at military power. 

Correlation for the oxides of nitrogen emissions . - The effects of 
combustor parameters on the formation of the oxides of nitrogen from a 
non-afterburning turbofan engine (TFE 731-2) were correlated in [6] using 
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• combustor Inlet total temperature normalized by standard 
sea level temperature. 

- combustor inlet total pressure normalized by standard 
sea level pressure. 

■ combustor fuel-air ratio , (which is a measure of the 
exit temperature ) . 

« the combustor corrected airflow (which is proportional to 
the combustor inlet Mach number, M^, used in [6]). 

The results from the J-58 tests at military power can also be 
successfully correlated with this form as shown in Figure 6. The 
proportionality constant, C, was determined by a regression analysis 
using the J-58 data. Ihis correlation shows that effects of combustor 
inlet temperature, pressure, fuel-air ratio, and combustor inlet Mach 
number found in reference 6 for a small turbofan engine with a reverse 
flow combustor, are also appropriate to the J-58, which is a large, axial 
flow turbojet engine. 

For any given engine type, the combustor conditions may be directly 
related to flight speed, altitude, and power level. For the J-58 data, 
it was found that the N0 x emissions could be simply correlated with these 
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parameters using the form, 
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NO x El * 2.53 e M 3 [1 - 0.57(AB)] (2) 

where M » the flight Mach number. 

Pamb * t-he static pressure at the flight altitude. 

p gt( j " the standard sea level static pressure. 

( 

0 for non-af terburning conditions. 

AB H 

U for afterburning conditions. 

This correlation is shown In Figure 7. The calculated emission indices 
agree with the data within +15 percent. The solid curves in 
figures 3-5 are the NOx emission indices calculated with this corre- 
lation. The emission index data decrease slightly with increasing after- 
burning, whereas because of the form chosen for Equation (2), the corre- 
lation emission indices are independent of afterburner power level. No 
doubt the agreement could be improved with a more complicated power 
level form in Equation (2), but the introduction of the fuel-air ratio as 
a correlating parameter does not seem justified in view of the satisfactory 
agreement obtained with the step function. It should be noted that 

Equation (2) is appropriate for J-58 engines only. Correlation of data from 
engines of different types must be performed using a form such as given 
by Equation (1). Of course, the afterburning step function in Equation (2) 
could also be applied to the correlation form in Equation (1) to extend 
this form to afterburning conditions. 

Comparison of J-58 NO^ emissions with results from other investigations . 
Several of the conditions tested at AEDC on the J-93, [5], and J-85, [4], 
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are within the flight speed-altitude envelope of the J-58 tests (Table 1). 
The cruise condition for the Concorde (Olympus 593 engine) are also 
within this envelope. Data for this engine have been reported in [13]. 

In Figure 8, the variation of the NO^ emission index with Mach number 

at 19.8 km altitude, and the variation of the NO^ emission index with 

altitude at Mach 2.0 for the J-58 as given by Equation (2) are shown. 

Published NO emission index data for J-93, J-85, and Olympus 593 engines 
x 

are also shown. For the J-93 and J-85, the compressor pressure ratios 
are lower than for the J-58, thus at any given flight condition, the 
combustor inlet temperatures and pressures are lower, and NO^ emissions 
are lower. Similarly, the compressor pressure ratio for the Olympus 593 
is higher than for the Jr58, thus combustor inlet temperatures and 
pressures are higher, and N0 x emissions are higher for this engine than 
for the J-58. Although, for any given flight condition, the magnitude 
of the NO^ emission indices for the J-93, J-85, and Olympus 593 differ 
from the J-58 NO emission index, the variation of the NO emission in- 

X x 

dices with Mach number and altitude for these engines is similar to the 
variation given by Equation (2) for the J-58, 

Carbon monoxide emissions. - The variation of J-58 carbon monoxide 
emission indices with altitude and power level for Mach 2.0 is shown in 
Figure 9. For these conditions, the combustor inlet temperature and the 
afterburner inlet temperature are constant, so the increase in CO emissions 
with increasing altitude is due to the fact that both the primary com- 
bustor and afterburner pressures decrease with increasing altitude, and 
decreasing pressure causes combustion efficiency to decrease. At each 
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flight condition , there is a marked Increase in CO concentration in going 
from military power to minimum afterburning. Since the increase in CO 
concentration is proportionately larger than the Increase in fuel- air 
ratio, the emission indices increase substantially as shown in Figure 9. 

The further increase in CO emission indices at high fuel-air ratios 
(maximum afterburning) is due to the high CO concentrations downstream 
of the flame holders, (see Fig. 2d). 

The variation of carbon monoxide emissions with altitude and 
power level at Mach 2.8 is shown in Figure 10. The trends here are 
similar to those in Figure 9 for Mach 2.0. The CO emissions increase less 
rapidly as maximum afterburning is approached at Mach 2.8 than at Mach 
2.0 because the overall fuel-air ratio at maximum afterburning for Mach 
2.8 is less than for Mach 2.0. 

The variation of carbon monoxide emission indices with flight speed 
and power level at 19.8 km is shown in Figure 11. Results for both 
j-58 eng ines are shown, and it is evident that for afterburning modes, 
the CO emissions from engine A are consistently higher than for engine B. 
For both engines, CO emissions decrease with increasing flight speed be- 
cause combustion efficiency improves with increasing afterburner pressure. 

For the range of flight conditions tested , the carbon monoxide 
emissions at military power were quite low, from 10 to 60 ppmv, which 
corresponds approximately to emission indices from 1 to 4. Carbon monoxide 
emission indices at minimum afterburning were approximately an order of 
magnitude greater than at military power. The CO emissions typically 
decreased slightly from minimum to intermediate afterburning, but increased 
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nearly an order of magnitude from Intermediate to maximum afterburning. 

Unburned hydrocarbon emissions . - The variation of hydrocarbon 
emission Indices with altitude and power level at Mach 2.0 is shown In 
Figure 12. At military power, the HC concentrations in the exhaust are 
negligibly small, < 6 ppmC (parts per million carbon by volume), corres- 
ponding to emission Indices of less than 0.2. The concentrations at minimum 
afterburning are more than two orders of magnitude greater than at 
military power. This is a consequence of the region of high unburned hydro- 
carbons which appears in the center region of the exhaust, see Figure 2e. 

The peak concentration and radial extent of this region decrease with in- 
creasing fuel-air ratio, and the average HC emission indices decrease 
accordingly. The variation of hydrocarbon emissions with altitude is 
as expected, with emissions increasing with Increasing altitude as after- 
burner pressure is decreasing. 

The variation of hydrocarbon emissions with altitude and power 
level at Mach 2.8 is shown in Figure 13. At each flight condition, the 
hydrocarbon emission indices increase substantially from military power 
to minimum afterburning, then decrease with increasing power in after- 
burning. The HC concentrations at maximum afterburning are nearly equal 
to the nonafterburning concentrations. Since the fuel-air ratio at 
maximum afterburning is about four times that at military power, the HC 
emission indices at maximum afterburning are about a quarter of the value 
at military power. 

The variation of the hydrocarbon emissions with altitude in after- 
burning at Mach 2.8 contains a bit of a surprise. Since the afterburner 
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pressure decreases monotonlcally from condition 5 to condition 7, the 
hydrocarbon emissions would be expected to increase monotonlcally with 
increasing altitude, as was true at Mach 2.0. However, at Mach 2.8, the 
highest hydrocarbon emissions occurred at the intermediate altitude 
conldition. The carbon monoxide and hydrocarbon profiles for these con- 
ditions show that both CO and HC profiles have higher concentrations 
in the center region for condition 6, than for conditions 5 and 7. Since 
the average hydrocarbon emissions in afterburning are almost exclusively 
determined by the concentrations in the center (hydrocarbon concentrations 
at mid to maximum radii are negligible), the effect on the average 
emissions is very pronounced. 

The variation of hydrocarbon emissions with flight speed and power 
level at 19.8 km is shown in Figure 14. Results for both engines are 
shown, and it is evident that at the same flight speeds, the hydrocarbon 
emissions for engine A are substantially higher than for engine B at almost 
all afterburning power levels. 

For the range of flight conditions tested, the hydrocarbon concentra- 
tions at military power were almost negligible, < 8 ppmC, which corresponds 
to emission indices of less than 0.3. At minimum afterburning power levels, 
the average unburned hydrocarbon emissions were appreciably greater than 
at military power, but varied over two orders of magnitude as a f unction 
of flight speed and altitude. The range of average concentrations was from 
10 to 2000 ppmC, which corresponds approximately to emission indices from 
0.2 to 20. At all flight conditions, the hydrocarbon emissions decreased 
with increasing power from minimum to maximum afterburning. For almost 
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all conditions, the emission Indices at maximum afterburning were less 
than the emission indices at maximum power without afterburning. 

Emission levels at the secondary nozzle exit . - The emissions data 
in this investigation were obtained at the engine primary nozzle where 
the flow is sonic at a static pressure of from 6 to 15 times the ambient 
static pressure for each flight altitude. In the aircraft installation, 
the engine exhaust is expanded through a secondary ejector nozzle and 
leaves the aircraft at supersonic velocity and at nearly ambient pressure. 
Chemical kinetics calculations, [14], indicate that the NO^ emission 
levels should not change appreciably through the secondary nozzle ex- 
pansion, but that some consumption of CO and HC would be expected in 
the secondary nozzle flow. Thus, the emission indices presented in 
this paper are representative of emissions at the secondary nozzle exit, 
but the CO and HC emission indices given here represent an upper b^und 
on emissions of these species at the secondary nozzle exhaust. 

SUMMARY OF RESULTS 

Gaseous emissions from two J-58 afterburning turbojet engines were 
measured at simulated high-altitude, supersonic flight conditions. For 
each flight condition, detailed concentration profile measurements 
were made for four or five engine power levels from military through 
maximum afterburning. These measurements were made on the horizontal 
diameter at the engine primary nozzle, using a single point traversing 
gas sample probe. 

The data show that emissions vary with flight speed, altitude, power 
level, and radial position. The principal results of this investigation 
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are as follows; 

(a) In afterburning modes , there are significant gradients in 
exhaust temperature, local fuel-air ratio, and species concentration across 
the exhaust plane. It was found that traverse increments on the order 

of one tenth of the exhaust radius were required to document these gradients. 

(b) Emissions of the oxides of nitrogen (NO ) decreased with 

dr X 

increasing altitude at constant flight speed, and increased with in- 

i 

creasing flight speed at constant altitude. The NO^ emission indices at 
military power (no afterburning) , varied from 8 to 21 over the range of 
altitudes and flight speeds tested. For each flight condition, the NO^ 
emission Indices in af .erbuming were less than half of the value at 
military power. 

(c) The NO^ emission indices, both with and without afterburning, 
were correlated with flight speed, altitude, and power level. The NO^ 
emission Indices at military power were correlated in terms of the primary 
combustor inlet parameters (temperature, pressure, and fuel-air ratio), 
with a form used previously for data from other engines. 

(d) Emissions of carbon monoxide (CO) increased with increasing 
altitude at constant flight speed, and decreased with increasing flight 
speed at constant altitude. The CO emission Indices at military power 
varied from 1 to 4 over the range of altitudes and flight speeds tested. 

CO emission indices for minimum afterburning conditions were approxi- 
mately an order of magnitude greater than at military power. CO emissions 
typically decreased slightly from minimum to intermediate afterburning, 
but increased nearly an order of magnitude from intermediate to m a ximum 


afterburning. 
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(e) Emissions of unburned hydrocarbons (HC) generally increased 
with increasing altitude at constant flight speed , and decreased with 
increasing flight speed at constant altitude. The HC emission Indices 
at military power were less than 0.3 for all test conditions. For 
afterburning conditions, HC emissions were often substantially higher 
than at military power due to high hydrocarbon concentrations in the 
center of the exhaust. At minimum afterburning, the HC emission indices 
varied from 0.2 to 20 for the range of flight speeds and altitudes 
tested. At all flight conditions, HC emissions decreased with increasing 
power level in afterburning. 

(f) Data for test conditions which were run on both engines showed 
that the exhaust emissions of CO and HC for the two engines were 

similar at military power, but quite different for afterburning conditions. 
The NO^ emissions were very similar for both engines at all power levels. 
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TABLE 1 - TEST COHDITIOHS 


Condition 

Fllsht Mach Mo. 


1 

2.0 

16.0 

2 

2.0 

17.9 

3 

2.0 

19.8 

4 

2.4 

19.8 

5 

2.8 

19.8 

6 

2.8 

22.0 

7 

2.8 

23.5 

8 

3.0 

19.8 
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Figure 13. - Variation of hydrocarbon emission indices 
with altitude and power level at Mach 2.8; Engine 8. 
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Figure 14. - Variation of hydrocarbon emission Indices with 
flight speed and power level at 19. 8 kilometers. Plain 
symbols are for Engine B, flagged symbols are for 
Engine A. 
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